Convergent evolution provides a type of natural replication that can be exploited to understand the roles of contingency and constraint in the evolution of phenotypes and the gene networks that control their development. For sex-specific traits, convergence offers the additional opportunity for testing whether the same gene networks follow different evolutionary trends in males versus females. Here, we use an unbiased, systematic mapping approach to compare the genetic basis of evolutionary changes in malelimited pigmentation in several pairs of Drosophila species that represent independent evolutionary transitions. We find strong evidence for repeated recruitment of the same genes to specify similar pigmentation in different species. At one of these genes, ebony, we observe convergent evolution of sexually dimorphic and monomorphic expression through cis-regulatory changes. However, this functional convergence has a different molecular basis in different species, reflecting both parallel fixation of ancestral alleles and independent origin of distinct mutations with similar functional consequences. Our results show that a strong evolutionary constraint at the gene level is compatible with a dominant role of chance at the molecular level.
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In Brief Signor et al. show that male-specific pigmentation has repeatedly evolved in the Drosophila ananassae species subgroup through changes in an overlapping set of genes that always includes ebony. This predictability points to a strong and potentially sex-specific genetic bias in the evolution of phenotypic traits.
INTRODUCTION
The study of the genetic basis of phenotypic evolution is complicated by our inability to replicate its occurrence. Each evolutionary transition is, in essence, a unique experiment with many confounding factors that range from ancestral gene networks and segregating variation to population demography and ecological pressures. As in any historical science, this makes it difficult to disentangle the roles and relative importance of chance and constraint and to infer general rules of evolutionary change from case-by-case studies of different phenotypes, genes, and gene networks. Thus, although questions regarding the number of genes, the magnitude of mutations, and the types of genetic changes involved in phenotypic evolution have been addressed successfully in a number of models, general lessons have been slow to emerge [1, 2] .
A natural substitute for experimental replication is provided by convergent evolution. Traits that have undergone parallel changes in multiple species allow us to test whether the evolution of each phenotype follows a consistent genetic pattern, and whether different gene networks are predisposed to different modes of evolution by their intrinsic organization [3] . There is considerable evidence for gene reuse in the evolution of some, though not all, phenotypes, implying some amount of constraint in gene networks that control the development of these traits [4] [5] [6] [7] . In-depth analyses have revealed a hierarchy of genetic convergence, which can be observed at the level of gene [4] , molecular function [8, 9] , nucleotide [10, 11] , or the evolutionary history of alleles [7, 12] . However, some of these studies have been subject to a positive ascertainment bias: a tendency for targeted examination of the same a priori candidate genes in different taxa may result in overestimating the prevalence of genetic convergence [3] .
Important sources of evolutionary constraint leading to genetic convergence can derive from the pleiotropy of genes and mutations [13, 14] , biases in development [15, 16] , or functional considerations [10] . For sexually dimorphic traits, a further constraint is that evolutionary changes must be limited to one sex [17] . Sex-specific gene expression and function may direct male-and female-limited traits to follow different evolutionary trajectories and show different levels of genetic constraint compared to sexually monomorphic characters. In this paper, we focus on repeated evolution of a male-specific color pattern in Drosophila, whereas an accompanying study [18] examines repeated evolution of a female-specific pattern. Both traits reflect evolutionary variation in the same gene network in closely related species, providing an intriguing insight into the sexually dimorphic genetic architecture underlying convergent evolution.
We present an unbiased and systematic comparative analysis of the genetic basis of phenotypic changes across a phylogenetic tree, without reliance on candidate genes. In the Drosophila melanogaster species group, sexually dimorphic abdominal pigmentation is a recent evolutionary innovation, with many instances of gain and loss of dark posterior pigmentation in males [19, 20] . Within the smaller ananassae subgroup, several pairs of sibling species or subspecies differ in the presence of male-specific abdominal pigmentation, presenting an ideal system for a comparative genetic analysis of independent evolutionary contrasts [21] (Figure 1) . We have examined four pairs of taxa in an effort to identify and compare the genes involved in the evolution of color patterns in each lineage. We find that different species have utilized overlapping but not identical sets of genes to evolve similar pigmentation. For one gene that has been used repeatedly, we find evidence both for parallel fixation of pre-existing alleles and for independent mutations with similar functional consequences. In all cases, the causative variation acts at the cis-regulatory level to affect gene expression. Thus, genetic convergence appears to be the rule rather than exception at the level of gene function, but this convergence can emerge from a wider range of sequence changes and historical scenarios. Interestingly, the reliance on the same gene in the evolution of male-specific color patterns is in contrast with the repeated changes in female-specific pigmentation, which consistently involve a different locus [18] .
RESULTS

Genetic Convergence in the Evolution of Male-Specific Abdominal Pigmentation
To test for genetic convergence in an unprejudiced manner, we decided to avoid the candidate gene approach that has dominated most studies of Drosophila pigmentation to date. Instead, we used an unbiased mapping approach to identify the genes responsible for the apparently independently evolved differences in male-specific abdominal pigmentation between several pairs of taxa. We focused on four contrasts, three of which are phylogenetically independent, by performing crosses between species or subspecies in the D. ananassae species subgroup ( Figure 1 ). These taxa were selected so that one parent in each contrast was dark (sexually dimorphic) and the other was light ( Figure S1 ; Table S1 ). Homosequential strains permitted high-resolution mapping in all pairs except D. m. malerkotliana/D. bipectinata, which differ by several fixed chromosomal inversions [24] .
Each cross identified one to three significant QTLs, two of which were consistently localized to the same chromosome arm corresponding to 3R of D. melanogaster (Figures 2 and  S1 ; Table S1 ). A large QTL on 3R (3R1) was present in all crosses, and there was a second smaller QTL (3R2) on the same In Drosophila there is considerable local, but not global, synteny between the genomes of distantly related species [25] . To test whether the QTLs that mapped to the same chromosome arm in different species contained the same genes, we used overlapping sets of SNP markers in all three high-resolution mapping crosses (excluding D. m. malerkotliana/D. bipectinata) and placed them at high density throughout each QTL interval, allowing us to establish gene order in each species and the extent of syntenic block conservation across species.
The 95% confidence interval of the 3R1 QTL contained a syntenic block of homologous genes in all three pairs of taxa, as did The female abdomen is unpigmented in all species. Species names in bold indicate that they are sexually dimorphic, with darkly pigmented males and lightly pigmented females; all other species are sexually monomorphic, with light males and females. Quantitative trait locus (QTL) mapping crosses are indicated by dashed brackets. Phylogeny is based on [21] ; branch lengths are not to scale. Ancestral pigmentation cannot be reconstructed with confidence due to frequent evolutionary transitions [21] . D. ercepeae and D. merina diverged from the rest of the ananassae subgroup 14.8 million years ago (mya) and from each other 2.6 mya [22] . D. p. pseudoananassae and D. p. nigrens diverged from the rest of the bipectinata complex 2-5 mya and from each other 0.27 mya [22, 23] Figure 2B ). To rule out the interval associated with the 3R2 QTL in D. p. nigrens/D. p. pseudoananassae, we also genotyped markers throughout that interval in this cross, but as expected they showed no significant association with pigmentation. The syntenic block corresponding to the X chromosome QTL in D. ercepeae/D. merina was not associated with the phenotype in any of the other crosses; reciprocal crosses confirmed the lack of an X-linked effect [26] . In summary, some, but not all, QTLs appear to be shared in two or three independent derivations of convergent color patterns. We therefore sought to identify the causative genes responsible for both shared and unique QTL effects.
Convergent Involvement of the ebony and Abdominal-B Loci
Although we did not focus on any candidate genes a priori, we included SNP markers in many of the known pigmentation genes in our genotyping panels. These markers revealed that the ebony and Abdominal-B (Abd-B) loci were located at the center of the 3R1 and 3R2 QTLs, respectively. ebony ebony encodes an enzyme that functions in the synthesis of light pigment precursors and is expressed at higher levels in lightly colored cuticle [14, 25, 27, 28] . In all species pairs, ebony was at the center of the larger 3R1 QTL interval, with peak LOD scores falling within one gene of ebony ( Figures 2B and S2 ). We performed RNAi for 15 candidate genes in this interval using transgenic UAS-RNAi constructs driven by three different GAL4 drivers expressed in the abdominal epidermis (pannier-GAL4, doublesex-GAL4, and T155-GAL4). We focused on genes whose predicted molecular functions (e.g., transcription or ecdysone signaling) were consistent with potential roles in pigment patterning or synthesis; genes with highly specific molecular functions, such as odorant receptors, were not examined (Supplemental Experimental Procedures). ebony produced the only significant phenotype (data not shown), indicating that it is most likely the only causative gene that explains the phenotypic effect of the largest QTL in all three independent contrasts and presenting a strong case of genetic convergence ( Figure 2 ). Abdominal-B and abdominal-A Abd-B is a HOX gene that is responsible for patterning the posterior abdominal segments in insects and other arthropods [29] . One of its functions in Drosophila is to control the abdominal color pattern by regulating the expression of pigmentation genes [20, 30] . We found that markers in and around Abd-B form a syntenic block in all species and correspond to the 95% confidence interval of the smaller 3R2 QTL in the D. m. malerkotliana/D. m. pallens and D. ercepeae/D. merina crosses. We performed an RNAi screen for 23 candidate genes in this QTL region using the same approach as for ebony. Only Abd-B and its closely linked paralog, abd-A, produced detectable pigmentation phenotypes (Supplemental Experimental Procedures). Since abd-A, but not Abd-B, is expressed in the A4 tergite, which is darkly pigmented in D. m. malerkotliana and D. ercepeae, both genes may contribute to color pattern differences in the ananassae subgroup. Either collectively or separately, Abd-B and abd-A represent a second case of genetic convergence in the evolution of male-specific pigmentation in this lineage. The effect size of Abd-B/abd-A was small compared to ebony and was not examined further ( Figure S3B ). yellow Our panel of markers on the X chromosome included several known pigmentation genes such as tan, yellow, and optomotor-blind (omb). In D. ercepeae/D. merina, the maximum LOD score fell within 1 cM of yellow, which was located within the 95% confidence interval ( Figure 2B ), whereas tan and omb were located well outside this interval. yellow is involved in converting dopamine or DOPA into dark pigments, so that cuticular pigmentation depends on the quantitative balance between local ebony and yellow activities [31] . This function and our mapping results suggest that yellow corresponds to the X-linked QTL that is found in the D. ercepeae/D. merina cross (and cannot be ruled out in the D. m. malerkotliana/D. bipectinata cross) but is not detected in the other phylogenetic contrasts. In summary, our results suggest that independent involvement of the same genes in the evolution of similar phenotypes in different species may be common in the case of Drosophila male-specific pigmentation.
Functional Convergence in the Evolution of ebony Having observed that gene-level convergence is common, we asked whether similar phenotypes originated from functionally similar modifications such as regulatory mutations. cis-regulatory changes can be detected using allele-specific sequencing of transcripts in F 1 hybrids between diverged taxa: significantly different expression of the two parental alleles in the common hybrid trans-regulatory background supports cis-regulatory divergence [32] . Following this logic, we examined ebony expression in male F 1 hybrids between D. m. malerkotliana/D. m. pallens and between D. p. nigrens/D. p. pseudoananassae (D. ercepeae/ D. merina F 1 hybrids could not be produced in sufficient numbers due to strong reproductive isolation between these species). We measured transcript abundance immediately after eclosion (stage A1) and during the onset of pigmentation in the pupa (stage P12) [33] . Strong allelic imbalance was observed at the A1 stage in both crosses, and D. p. pseudoananassae/D. p. nigrens hybrids also showed significant imbalance at P12 ( Figure 3I ). As expected, the ebony allele from the light parent was expressed significantly higher than the ''dark'' allele in both crosses.
To complement this analysis, we used RNA in situ hybridization to test whether the convergent involvement of ebony was reflected in similar changes in the patterns of gene expression. In all darkly pigmented taxa (D. m. malerkotliana, D. parabipectinata, D. p. nigrens, and D. ercepeae), ebony expression in males at the A1 stage closely correlated with male-specific pigment patterns (Figure 3 ). For example, in D. m. malerkotliana, ebony is strongly expressed in three most anterior segments (A1-A3), which are yellow in color, whereas A5 and A6, which are completely black, do not show ebony expression ( Figure 3D ). The A4 segment, which is darkly pigmented at the posterior edge but is light at the anterior, shows an intermediate, ''anti-stripe'' pattern of ebony expression. (Figure 3) . Thus, convergent evolution at the ebony locus extends to nearly identical expression patterns. Notably, these changes are completely male limited: the females of light and dark taxa show similar patterns of ebony expression ( Figures  3A, 3D , and S3A).
Shared Alleles at the ebony Locus
At the molecular level, genetic convergence can reflect independent fixation of the same new mutations, independent but functionally equivalent mutations, lineage sorting, or introgression [7, 9, 10, 12, 34] . To distinguish among these scenarios, we sought to identify the DNA sequences responsible for the functional changes. We used targeted re-sequencing data from multiple strains of each (sub)species, collected at different geographic locations, to identify regions of unusually elevated divergence in and around ebony (Tables S2 and S3 ).
We found a complicated pattern of convergent evolution incorporating both lineage sorting and independent mutation. In the D. m. malerkotliana/D. m. pallens contrast, overall sequence differentiation is very low. We observed a single highly differentiated region in the first intron of ebony that had an F ST of 1.0 (Figures 4 and S4) [35] . This starkly contrasts with the adjacent 3 kb coding region of ebony, which had an average F ST of 0.0052. We confirmed our results using an additional measure of divergence, D xy [35] , to rule out the possibility that high F ST was caused by low diversity [36] . We re-examined the ebony region by Sanger sequencing additional strains of D. m. malerkotliana and D. m. pallens (Table S4 ). In the 1 kb region of the first intron, 18 sites are fixed between the two subspecies, and there are many windows of high F ST (D xy ), with a (Figures 4 and S4) . In contrast, the adjacent first exon of ebony has no fixed differences, and the highest value of F ST (D xy ) is 0.29 (0.04). The same pattern is observed between D. parabipectinata/D. bipectinata, with three fixed differences in the first exon and 26 in the intronic region. In D. m. malerkotliana/D. bipectinata, there are ten fixed differences in the first intronic region and 1 in the adjacent exon (see Figure 4B for D xy values and Figure S4 for F ST values). The intronic region does not correspond to or align with the abdominal regulatory elements of ebony that were implicated in the evolution of color patterns in other Drosophila species [9, 25] . Interestingly, the entire first intron affects ebony expression in multiple tissues including abdominal tergites in D. melanogaster [25] , suggesting that ebony may have multiple abdominal regulatory elements.
To investigate the possibility that phenotypic differences between light (monomorphic) and dark (dimorphic) taxa could be due to parallel fixation of ancestral alleles (lineage sorting) or interspecific introgression, we divided the taxa by phenotype. Five sites in the intronic region associate perfectly with the color pattern ( Figure 4C ). Four of these sites have the same allele in D. m. malerkotliana and D. parabipectinata, as well as the same allele in D. m. pallens and D. bipectinata ( Figure 4C ). As independent appearance of the same four mutations in two different lineages seems unlikely, it is more probable that these alleles share a common origin. The fifth site is an independent transition with different derived alleles in D. bipectinata and D. m. pallens. These observations suggest that at least some of the causative variants in ebony may be due either to parallel fixation of ancestral alleles or to interspecific introgression, although we cannot rule out that additional variants unique to each taxon also contribute to their phenotypic differences (see also Figure S5 ).
Phylogenetic Analysis Supports Both Parallel Fixation and Independent Evolution
We reconstructed unrooted phylogenetic trees from the intronic region of ebony, as well as from the region encompassing the first ebony exon ( Figure 5 ). The exon tree generally recovers the known phylogenetic relationships in the bipectinata species complex [23] , though it is poorly resolved for some taxa (Figure 5A) . In contrast, the intronic region produces a tree in which strains cluster by pigmentation phenotype rather than by taxon with good support (Figures 5B and S5 ). Figure S4C ).
Independent Evolution of Functional Variants
In other species, convergent changes in ebony expression and adult phenotype appear to result from different sequence variants. In the D. p. nigrens/D. p. pseudoananassae comparison, where ebony shows strong cis-regulatory divergence (Figure 3I ), the intronic ebony region associated with pigmentation differences in the other species has a peak D xy of 0.04, compared to 0.01 in the first exon of ebony ( Figures 4B and S4B) . In neither region are there any fixed alleles, indicating that the phenotypic difference between D. p nigrens and D. p. pseudoananassae cannot be due to fixed sequence variants in these regions. Sanger sequencing of an extended 12 kb region around ebony has not identified any regions of unusually elevated divergence ( Figure S4B ). The color difference between D. p nigrens and D. p. pseudoananassae could potentially be due to more distant sequences or to multiple unlinked sites, or it could have a different basis for different pairs of strains; in any case, the genetic basis is clearly not the same as in the other species of the bipectinata complex. Population-genetic analysis could not be performed for D. ercepeae and D. merina as only one strain of each species is currently available. The intronic region associated with pigmentation differences in D. m. malerkotliana evolves rapidly in the ananassae subgroup and cannot be aligned between the bipectinata species complex and D. ercepeae/ D. merina. Thus, it is unlikely that the SNPs identified in the 
DISCUSSION
Evolutionary Hotspots Confirmed by Unbiased Genetic Analysis Recent studies have led to an emerging consensus that convergent phenotypes often reflect evolutionary changes in the same genes (the ''evolutionary hotspot'' model) [1, 37] . However, most case studies supporting the hotspot model relied heavily on candidate gene approaches, which results in a positive ascertainment bias and some difficulty in interpreting the results. Although genetic mapping is more laborious than candidate gene analysis, it offers several key advantages: it is unbiased in that the loci implicated in other species are no more likely to be discovered than any other genes, it produces direct evidence of a gene's causative role in trait evolution (and, equally importantly, allows other genes to be ruled out), and it provides a quantitative estimate of the relative importance of each gene to the overall genetic architecture of a phenotype. In this study, we applied this approach to the ananassae species subgroup, in which multiple species have independently evolved similar male-specific color patterns [21] . We found that the convergent phenotypes are controlled by overlapping, but not identical, sets of genes in different evolutionary contrasts. The only gene that was implicated in all three high-resolution mapping crosses and could not be ruled out in the fourth, low-resolution cross (D. m. malerkotliana/D. bipectinata) was ebony. Moreover, ebony is the strongest QTL in all contrasts, contributing 35% to 80% of overall divergence ( Figure 2C ). ebony has previously been implicated in both intraspecific and interspecific differences in pigmentation in several other Drosophila species (Table S5) [9, 25] . Clearly, ebony fits the definition of an evolutionary hotspot. ebony encodes an enzyme, b-alanyl-dopamine synthase, that synthesizes light pigment precursors so that higher ebony expression causes lighter pigmentation [27, 28, 31] . Like other pigmentation genes, it has additional roles in other tissues, such as control of circadian locomotor activity in brain glial cells [38] . Every time ebony has been implicated in the evolution of pigmentation, cis-regulatory rather than coding mutations were involved [25] . Presumably, this pattern reflects the ability of cis-regulatory mutations to overcome pleiotropic constraints by uncoupling gene functions in different cell types [1, 39, 40] .
Evolutionary Causes of Genetic Convergence
Repeated involvement of the same gene in multiple phenotypic transitions could potentially result from different evolutionary processes: recurrent de novo mutation, lineage sorting of ancestral variation, or interspecific introgression. Adaptation from standing variation is likely to be faster than awaiting a new mutation [41] because potentially beneficial alleles are available immediately and are likely to be present at higher frequencies than alleles arising de novo. Cases of parallel fixation appear to be fairly common, most notably when a reservoir of newly adaptive alleles is available to colonizing populations [12, 42] .
Similarly, introgressive hybridization has been implicated, among other traits, in the evolution of wing color patterns in Heliconius butterflies [43] and high-altitude adaptation in humans [44] . Genome-wide analyses suggest that interspecific introgression may play a more important role in evolution than previously thought [45] . We find that in D. malerkotliana, D. bipectinata, and D. parabipectinata, at least some of the putative causative SNPs at the ebony locus are shared across species, most likely reflecting ancestral lineage sorting. However, these variants are not found either in D. pseudoananassae or in the ercepeae species complex, suggesting a role for independent ebony mutations in these taxa. The region of the ebony locus associated with the evolution of color patterns in the bipectinata complex evolves so rapidly that it cannot be aligned with other taxa. Outside of the ananassae subgroup, evolutionary changes in ebony expression that lead to divergent pigmentation map to a different, more upstream region of the gene [25, 46] ; our population-genetic analysis rules out this region in the bipectinata complex. We can conclude that the widely convergent involvement of ebony in the evolution of color patterns is not due solely to fixation of pre-existing variation, but reflects independent origin of distinct, though functionally similar, cis-regulatory mutations.
Are Evolutionary Hotspots Sex Specific?
Cuticle color depends not just on the level of ebony, but on the balance between ebony, tan, yellow, and potentially other enzymes. For example, tan encodes a b-alanyl-dopamine hydrolase, which reverses the chemical reaction catalyzed by Ebony [31, 47] . Although tan is implicated in the evolution of pigmentation in several species [48] [49] [50] , it has been ruled out in many other studies including this one (Table S5) . Interestingly, the evolutionary changes that were found to involve tan are never male limited; for example, tan controls a female-limited color polymorphism in D. erecta, and the secondary loss of pigmentation in D. santomea affects both sexes [48] [49] [50] . It is possible that ebony could be favored as the male hotspot due to its dosage sensitivity and chromosomal location. ebony, but not tan or yellow, has a semi-dominant loss-of-function phenotype, suggesting that cis-regulatory mutations in ebony could be more readily visible to directional selection. At the same time, yellow and tan are X-linked, whereas ebony is autosomal, suggesting that it could harbor higher levels of standing genetic variation when not under directional selection. Interestingly, in D. melanogaster [25] , D. americana [49] , and the bipectinata species complex (this study), the role of ebony in phenotypic evolution appears to derive from a combination of pre-existing and de novo mutations. Thus, chromosomal sex, the topology of the regulatory network, the kinetics of the pigment synthesis pathway, and population-genetic factors may all contribute to the evolutionary hotspot status of ebony.
In an accompanying paper [18] , a similarly unbiased and systematic approach was taken to map the genetic basis of natural variation in female-specific abdominal pigmentation in multiple species of the Drosophila montium species subgroup, which is closely related to the ananassae lineage. This variation was found to map to the pdm3 transcription factor in several distantly related species. Moreover, convergent involvement of pdm3 appears to reflect independent mutations in this gene in different species [18] . In contrast, ebony does not contribute to color pattern variation in any of the four montium-subgroup species examined. Why do evolutionary hotspots differ in closely related lineages? Is this a matter of historical contingency or different gene network topology in different clades? Or are different genes within a shared network favored for cis-regulatory evolution in different sexes, resulting in sex-specific evolutionary hotspots? Intriguingly, in the only montium subgroup species in which ebony was implicated in color pattern variation, the pigmentation phenotype is male specific [9] , supporting the latter hypothesis.
Evolution of Sexual Dimorphism
One can envision two principal mechanisms for the gain and loss of sex-specific traits. First (the instructive model), the genes responsible for phenotypic changes may be the same genes that are regulated in a dimorphic manner to generate sex-specific phenotypes, as we observe for ebony. Alternatively (the permissive model), the causative genes could be monomorphic, while sexual dimorphism is encoded in parallel to or downstream of these genes. For example, ebony could have been expressed equally between sexes in all species, while a different, ''gatekeeper'' gene is sexually dimorphic in all species. In the latter scenario, high levels of ebony expression in both sexes would mask the dimorphic phenotypes promoted by the sex-specific gatekeeper gene, while low ebony levels would uncover the underlying dimorphism. Thus, ebony would be the causative gene responsible for differences between lineages, while the gatekeeper gene is responsible for sexual dimorphism.
These two models suggest very different mechanisms for the evolution of sexual dimorphism. Under the instructive model, gain and loss of sex-specific traits is caused by frequent changes in sex-specific gene regulation. Under the permissive model, the targets of the sex determination pathway can remain static over long evolutionary distances, while the underlying sexual dimorphism is revealed or obscured by sexually monomorphic genetic changes that occur elsewhere in the developmental pathway.
Our results argue for the instructive model: in all evolutionary contrasts, sex-specific pigmentation is associated with sex-specific ebony expression, and sexually monomorphic pigmentation is associated with monomorphic expression (Figure 3) . Thus, sex-specific transcriptional regulation of ebony has been gained and/or lost several times within the ananassae species subgroup. A similar pattern has been observed in the expression of desat-F, a hydrocarbon desaturase enzyme involved in the synthesis of cuticular pheromones [51] . It appears that sex-specific gene regulation can be gained and lost quite easily over short evolutionary timescales and that the evolution of sexually dimorphic traits is more likely to follow the instructive model.
Conclusions
Although the study of color pattern evolution in Drosophila has largely been dominated by candidate gene analyses [19, 30, 46, 52, 53] , it has now been enriched by several unbiased, high-resolution genetic mapping studies [54, 55] , including this work (Table S5 ). These studies have gone beyond spotlighting individual genes to provide a more holistic picture of the genetic architecture of evolutionary changes and have confirmed the predominance of cis-regulatory mutations in phenotypic evolution. Although no single gene is involved in all cases, the number of players appears to be limited, and most genes have been implicated repeatedly in multiple taxa. Collectively, parallel genetic analyses in multiple species suggest a ''toolkit model'' of convergent evolution. For any trait, there are a limited number of genes that can potentially evolve to produce phenotypic changes. Within that toolkit, the relative likelihood of each gene's involvement may depend on its position in the regulatory network that controls the development of that trait, on the historical contingencies specific to each evolving lineage, and, potentially, on sex. Together, these trends result in a pattern where convergent phenotypes have distinct yet overlapping genetic basis in different species.
EXPERIMENTAL PROCEDURES
Crosses were as described in [56] , and phenotyping was as described in [26] . All molecular biology procedures followed standard protocols. All next-generation sequencing assembly and SNP calling was standard for the program used [57] [58] [59] [60] [61] [62] [63] [64] . QTL analysis and genetic map construction followed [65, 66] , and significance was evaluated according to [66, 67] . Population-genetic and phylogenetic analyses were calculated with published resources [68] . See the Supplemental Experimental Procedures for additional details.
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